We present BVRIK images and spectroscopic observations of the z = 0.17 host galaxy of the compact steep-spectrum radio source MRC B1221−423. This is a young (∼ 10 5 yr) radio source with double lobes lying well within the visible galaxy. The host galaxy is undergoing tidal interaction with a nearby companion, with shells, tidal tails, and knotty star-forming regions all visible. We analyse the images of the galaxy and its companion pixel-by-pixel, first using colour-magnitude diagrams, and then fitting stellar population models to the spectral energy distributions of each pixel. We also present medium-resolution spectroscopy of the system.
z ∼ 1 show disturbed, knotty rest-frame UV emission in the host galaxies (Longair, Best & Röttgering 1995; Best, Longair & Röttgering 1996) .
Compact steep-spectrum (CSS) sources are bright but compact radio galaxies, with sizes 1-20 kpc. Unlike the majority of powerful radio galaxies, the radio source is wholly contained within the envelope of the host galaxy. They have a steep spectral index, α < −0.5 (Sν ∝ ν α ), and a radio spectrum peaking below 500 MHz. CSS sources are powerful (P1.4 > ∼ 10 25 W Hz −1 ), and make up about 20% of bright flux-limited low-frequency radio catalogues like the 3CR catalogue (Bennett 1962) or the Molonglo Reference Catalogue (Large et al. 1981) . They typically have redshifts between 0.1-2 (see O'Dea 1998, for a review). The two competing Figure 1 . BVRIK images of MRC B1221−423. Knots of star-formation and a tidal tail joining the galaxy to the companion are clearly visible. The size of each image is 22 arcsec; the separation of the galaxy and the companion is 10 arcsec (1 arcsec = 2.88 kpc assuming H 0 = 71 km s −1 Mpc −1 and Ω M = 0.27). The orientation of the slit for the spectroscopic observations (PA=−18.
• 5) is shown as the line joining the galaxy to the companion on the B image. The labels on the V band image indicate the various regions described in the text. models for CSS sources are (a) that they are small in size because the jets are "frustrated" by interaction with dense surrounding gas; and (b) that they are young sources which will eventually evolve into classical large double-lobed radio sources (O'Dea 1998) . Most evidence suggests that CSS sources are young (e.g. Fanti et al. 1990 ), and will fade as they grow into large-scale radio sources. Significant luminosity evolution is required to explain the fact that the age of CSS sources is only 1% that of the large radio sources, yet 20% or more of bright centimetre-wavelength-selected samples are CSS sources (e.g. Scheuer 1974; Kaiser & Alexander 1997; Readhead et al. 1996) . The best evidence for the youth of CSS sources is the detection of hotspot advance speeds of 0.1 to 0.3c in compact symmetric objects (see Conway 2002 , and references therein).
MRC B1221−423 is one of the nearest CSS sources, located in a host galaxy with a redshift z = 0.1706 (Simpson et al. 1993 ). The radio source has a steep spectrum (α = −0.85) and double lobes with a separation of only 1.
′′ 5, which lie well within the envelope of the visible galaxy (Safouris, Hunstead & Prouton 2003) . The structure is suggestive of the lobes seen in larger double sources; there is no evidence of a core. Safouris et al. (2003) estimated the age of the radio source to be 10 5 yr, using the tight correlation between the total kinetic power of the jet and the narrow-line luminosity (Rawlings & Saunders 1991) . At the distance of the galaxy, 1 arcsec corresponds to a distance of 2.876 kpc, assuming H0 = 71 km s −1 Mpc −1 and ΩM = 0.27.
The host galaxy is highly disturbed, showing signs of tidal interaction with at least one close companion. An archival image taken using the Anglo-Australian Telescope in 1.
′′ 4 seeing shows faint concentric arcs to the north-east (Safouris et al. 2003) , evidence of past tidal interaction.
We have obtained multi-colour images of MRC B1221−423 in order to study the change in properties of the stellar population across the galaxy. The use of spatially-resolved colours to study differences in stellar populations across a galaxy has been shown to be an effective way to study age distributions, localised extinction and star formation history in galaxies. The technique was pioneered by Bothun (1986) , who used a spatially resolved (B − R) vs. B diagram to examine the star formation history of NGC 4449. More recently, Abraham et al. (1999) used pixel colour-magnitude diagrams to investigate the evolutionary history of galaxies in the Hubble Deep Field, while Kong et al. (2000) , de Grijs et al. (2003) and Kassin et al. (2003) used such diagrams to study various nearby galaxies.
In this paper, we present and analyse five-colour images and optical spectroscopic observations of MRC B1221−423.
In §2 we describe the observations and their reduction. In §3.1, we analyse the images, first by means of colourmagnitude diagrams, and then by fitting spectral energy distributions to each pixel. In § 3.2 we examine the surfacebrightness profile of the galaxy. In §3.3 we discuss the spectroscopic results, and then discuss the implications for the history of the galaxy in §4.
OBSERVATIONS

Imaging
Four-colour optical images were taken on 2002 February 25 using SUSI2 on the New Technology Telescope (NTT) of the European Southern Observatory with Bessell B, V , R and I filters (Bessell 1990 ). The spatial scale on the detector (two 2k ×4k EEV CCDs) is 0.161 arcsec/pixel. The conditions were photometric, and details of the observations are given in Table 1 . The equatorial standard star field PG0942 from Landolt (1992) was observed to derive the photometric transformations onto the Johnson-Cousins system. Standard reductions were performed using the iraf software suite.
An infrared image was obtained on 2002 December 23 through the Ks filter using the SofI instrument on the NTT. The field of view using the Large Field objective was 4.9 arcmin, with a spatial scale of 0.292 arcsec/pixel. The autojitter mode was used to obtain fifteen separate images, with each image being an average of nine 7-s images; thus the total exposure time on source was 945 s. The telescope was moved by a random amount within a 100 arcsec box between images. Reduction of the images was done using the xdimsum 1 package in iraf. The data were flattened using a sky flat created by masking out sources and combining the masked images; the final mosaic was then created using xmosaic. The Persson standard star SJ 9154 (Persson et al. 1998 ) was used to derive the photometric transformation.
Finally, all five images were registered onto the same pixel scale, by fitting the positions of stars common to each image with linear transformations, including terms for translation and scaling. The Ks-band image was re-binned to the same scale, and a term for rotation also included. The images were convolved with gaussians to match the image size on the worst-seeing image (the Ks-band image, with measured FWHM of 1.0 arcsec), and then binned 3 × 3, so the pixel scale of the final images is 0.483 arcsec/pixel, which critically samples the seeing disk. The registration of the images is accurate to about 0.2 pixels, as measured from the positions of field stars in the final images.
The final set of images is shown in Figure 1 . The B-band samples rest-frame wavelengths in the range 3340-4180Å, or essentially rest-frame U -band. graph on the ANU 2.3-m telescope at Siding Spring Observatory. The detectors were two SITe 1752 × 532 CCDs with 15-µm pixels. A complete log of observations is given in Table 1. For the observations in 2001, a dichroic filter with a cross-over wavelength of 5500Å was used to split the light into the two arms of the spectrograph. The observation in 2003 August was made with a low resolution grating and a plane mirror in place of the dichroic, so that all the light was sent to the blue arm of the spectrograph in order to obtain complete spectral coverage. Pairs of 1200 s or 1800 s exposures were bracketed with CuAr arc-lamp exposures. A slit of width 1.5 or 2 arcsec was used, oriented at a position angle of −18.
Spectroscopy
• 5 so as to include light from the companion on the slit. On 2001 April 16, the position angle was −16
• . The spatial scale on the detector was 0.
′′ 91/pixel, corresponding to a linear scale of 2.6 kpc per pixel.
The iraf software suite was used to remove the bias and pixel-to-pixel gain variations from each frame. As we had multiple consecutive observations of the same object, cosmic ray events were removed using the technique described by Croke (1995) , as implemented in figaro. The spectra were straightened in figaro so that the dispersion ran exactly along rows of the image, then a two-dimensional wavelength fit was performed to the arc images by fitting a third-order polynomial to the arc wavelengths as a function of pixel number, for each row of the image. These wavelength solutions were copied to the object images, interpolating between the bracketing arc exposures, and the data were rebinned so the wavelength-pixel relation was linear and uniform across the image. The sky background was subtracted from each image, by fitting to the sky on either side of the galaxy, chosen to be well outside the wings of the galaxy profile. The spectra were corrected for atmospheric extinction, the telluric absorption features were removed by comparing with the spectrum of a smooth-spectrum standard taken at similar airmass, and the spectra were flux-calibrated. The nights were not all photometric, so the flux calibration can only be regarded as approximate.
ANALYSIS
Modelling pixel colours
Colour-magnitude diagrams
Having created a uniform set of images, with the same scale, orientation and seeing, we can now use this dataset to study the variation in the stellar population across the face of the galaxy.
The pixel colours were first corrected for Galactic extinction, using the extinction map of Schlegel, Finkbeiner & Davis (1998) , which indicates AV = 0.331 mag at the position of MRC B1221−423. The other wavebands were corrected using the reddening law of Rieke & Lebofsky (1985) . The (V − I) vs. V colour-magnitude diagram for individual pixels of MRC B1221−423 is shown in Figure 2 (a). Three distinct "plumes" of pixels are apparent in this diagram. We have mapped these three features, bounded on the lower edge by pixels satisfying the relation (V − I) + V ≤ 24.6 mag, onto the image. This defines three distinct regions, shown in Figure 2 (b). The features in the colour-magnitude diagram are clearly separate in the image. Pixels in the bluest region, Region 1, correspond to the interacting companion, with a hint of a trail of pixels back up the tidal tail (light grey pixels in Figure 2(b) ). The reddest pixels, Region 3, come from the centre of the galaxy (black pixels); while the intermediate plume of pixels, Region 2, corresponds to regions at larger radial distance from the centre of the galaxy, including the "knots" in the B-band image (dark grey pixels).
The lower boundary line in Figure 2 (a) is arbitrary, and was chosen to show clearly the spatial separation of pixels of similar colours. Other features, such as the tidal tail, also occupy distinct regions of the colour-magnitude diagram, though the separation becomes blurred as the pixel flux density drops significantly below the sky level (22.8 mag per pixel in the V band). The same separation is seen for other colour-magnitude combinations, but is strongest for widely-separated bands.
Thus the colour-magnitude diagram separates pixels into distinct groups, with different regions of the diagram occupying different areas of the galaxy and its interacting companion. The most obvious interpretation of this effect is that the different groups represent different stellar populations; in this case, the three groups we define here probably represent the products of three distinct episodes of star formation.
Fitting spectral energy distributions
A colour-magnitude diagram does not use all the information we have available. With five colours, we can go further in analysing the stellar population: by fitting spectral models to the colours of each pixel in turn, we can determine the age and reddening of the stellar population across the face of the galaxy.
We used a purpose-written program to model the spectral energy distribution (SED) of pixels, loosely based on the hyperz code of Bolzonella, Miralles & Pelló (2000). The method is as follows. An input stellar population model is chosen, and the redshift is fixed at the known redshift of the galaxy, z = 0.1706. A set of model spectral energy distributions is constructed by folding the input spectrum through the BVRIK response functions, resulting in a grid of model fluxes, with varying age and reddening along the axes, to be compared to the observed BVRIK fluxes for each pixel. The difference between the sum of the model fluxes and the observed fluxes in each bandpass is computed, and the parameters of the best fit (age and reddening) recorded.
Motivated by the work of Kassin et al. (2003) in modelling the stellar populations in the merging galaxies known as the "Antennae", we used as our initial model an old star-forming disk model with exponentially decaying star formation on a timescale of τ = 15 Gyr. The model was from the gissel96 library (Bruzual & Charlot 1993) , with a Salpeter initial mass function with mass limits of 0.1 and 100 M ⊙ and solar metallicity, using the Gunn & Stryker (1983) stellar spectral atlas. A histogram of the fitted ages shows three distinct peaks, with ages of 13 Gyr, 500 Myr, and 10 Myr (Figure 3) . We can refine this by fitting a model with τ = 100 Myr to the "young" pixels, excluding those with ages above 5 Gyr (Figure 3, lower panel) . The young pixels still show two distinct age groupings, with ages of 210 Myr and 10 Myr and younger.
Examples of the fitted spectral energy distributions are shown in Figure 4 . The observed spectral energy distributions for the four points indicated with crosses in Figure 2(b) are plotted, together with the best-fit model spectra from the dual-age fit described above. Point R is in the "old" region, as indicated by the fit with the τ = 15 Gyr model; the other three points were fitted using the τ = 100 Myr model. The fitted parameters are shown in Table 2 .
We can examine the location of the populations of different ages by plotting an age map of the galaxy. This is shown in Figure 5 . The ages of pixels clearly correlate with morphological features of the galaxy (shown as contours for comparison). The old population is found through most of the galaxy, and clearly represents the underlying stellar pop- Figure 2 (b); they represent pixels in the companion (C), one of the blue knots to the west of the nucleus (K), the nucleus (N), and a red region to the north-east of the nucleus (R). The parameters of the fit are shown in Table 2 . Table 2 . Parameters of the fits to the spectral energy distributions for the four selected points shown in Figure 2(b) : the fits are shown in Figure 4 . We fitted an exponentially-decaying star formation model with a timescale of either τ = 15 Gyr or τ = 100 Myr, as shown in the second column. The best-fit age and reddening for each set of pixel fluxes is shown in columns 3 and 4. ulation of MRC B1221−423. The intermediate age population, with ages around 500 Myr, is found in the companion and along the tidal tail joining the galaxy to the companion, while the youngest population, with ages ∼ 10 Myr, is found in the centre of MRC B1221−423 and in the knots surrounding it, with a small group of young points in the companion galaxy. In the B-band, the old population is contributing 30% of the light, the intermediate-age population 46%, and the young population 24%. The fit is quite poor in the nuclear region (point N), especially for the V and R bands. Examining the grid of models, there are two solutions which are almost equally acceptable for points in this region. The model shown in Figure 4 has an age of 128 Myr and a reddening AV = 2.0 mag (χ 2 ν = 1.7); a second solution, with a reduced χ 2 only marginally higher (χ 2 ν = 1.9), has an age of 9 Myr and a reddening AV = 2.85 mag. Since BVRI filters overlap and hence are not independent of each other, the χ 2 ν values cannot be taken as a quantitative measure of the goodness of fit; however, the relative values indicate the second solution must be almost as good as the first.
The split between these two solutions can be seen in Figure 5 , where some pixels in the nuclear region are white (young, with ages < 80 Myr), while others are grey (intermediate age, with ages between 80 Myr and 5 Gyr), despite having similar colours (Figure 2 ). This may well reflect a real mix of ages in the nuclear region, so that a single age population does not well describe the observed colours. Alternately, it could represent a spread in metallicity within the nuclear region, since changes in both age and metallicity can lead to similar colours.
The spectrum of the galaxy shows many emission lines ( § 3.3); however, as they are comparatively weak (contributing at most 7% of the flux), they do not seriously distort our analysis.
We also derive the extinction across the galaxy from the same model fits (Fig. 6) . Most of the region has AV < 1, but the centre of the galaxy and the blue regions to the west show evidence for large amounts of dust, AV ∼ 1-2. This means that the region with the youngest population -the nucleus of the galaxy -requires the most internal reddening to fit the observed colours.
Surface photometry
Since B1221−423 is a powerful radio source, we would expect its host galaxy to be an elliptical galaxy; yet the optical image shows a galaxy which looks like a spiral. Analysis of the light profile of the galaxy seemed to be the best way to identify the shape of the underlying stellar population.
We fit elliptical isophotes to the (unbinned) galaxy images, using the task ellipse in iraf. We then attempted to fit either de Vaucouleurs r 1/4 -law profiles, appropriate for an elliptical bulge, or a combined bulge plus exponential disk profile, as expected for a spiral galaxy.
The results of the analysis are shown in Figure 7 . The Ks-band image is well described by an r 1/4 -law profile, but the V and R-band profiles are not. This implies that the host galaxy does have a bulge, but it is being masked in bluer colours by the younger populations. We constrained the V and R-band profiles to have a bulge of the same size as the Ks-band, with an effective radius Re = 92 pixels (= 14.8 arcsec). A de Vaucouleurs profile with this radius plus an exponential disk is a good fit to both the R and Vband light distributions (the R-band light profile is shown in Fig. 7 ). This bulge radius corresponds to a half-light radius of 42 kpc. Correcting for the extinction of AV = 1.9 mag as derived in the SED fitting, and including K-corrections for the redshift z = 0.17 from Poggianti (1997) , we can derive the intrinsic luminosity and colour of the bulge. The bulge has V −K = 3.1, and a luminosity in the V -band of 10 12 L ⊙ .
Spectroscopy
We constructed a single spectrum (Fig. 8) by summing the spectral images from 2001, after aligning the spectra; we could only use the data from 2001 April 17 and 18 for the red spectrum, since we had a different wavelength setup for the first night (Table 1) . Emission is detected along the slit from the galaxy and companion. The heliocentric redshift of the emission lines, determined from a combined fit to the red side of the nuclear spectrum, is z = 0.17068 ± 0.00002. The lines show significant rotation, with an amplitude of 90 km s −1 along this axis. The companion galaxy is found at a velocity of −105 ± 20 km s −1 with respect to the nucleus. The line ratios can also clearly be seen to change along the slit, reversing from the nucleus to the companion, with the nuclear spectrum showing Hα weaker than [N ii] (log [N ii]/Hα = +0.25), while in the companion [N ii] is weaker than Hα (log [N ii]/Hα = −0.35).
We extracted the spectrum of the nuclear region by selecting the central two rows, corresponding to a linear size of 5.2 kpc. The resulting spectra are shown in Figure 8 . The line properties were measured using the specfit package implemented in iraf (Kriss 1994) . Gaussian profiles were fitted to the lines, with a single velocity shift for all lines. The line fluxes and equivalent widths are given in Table 3. A spectrum was extracted for the companion galaxy, by summing together seven rows at the position of the galaxy. This spectrum is also shown in Figure 8 . This spectrum is clearly very different from the spectrum of the nuclear region, with much narrower lines and very different line ratios.
The nuclear spectrum shows the strong [O i] λ6300, [O ii] λ3727 and [S ii] λλ6716, 6731 emission lines characteristic of the class of active galactic nuclei known as "low-ionisation nuclear emission-line regions", or LINERs (Heckman 1980) . We can further investigate the classification of the different regions of the galaxy by using the classification diagrams of Veilleux & Osterbrock (1987) .
From the ratio of the intensities of the Hα and Hβ lines, we can estimate the extinction towards the line-emitting regions. For the nucleus of the galaxy, the observed ratio is 10, compared with the expected ratio of 2.86 for a temperature T = 10 4 K, which implies an extinction AV = 3.7 mag. For the companion, the ratio Hα/Hβ = 7.6, which implies an extinction AV = 2.9 mag. These are both higher than the extinctions we derived from modelling the spectral energy distributions (Table 2) , where we found AV = 1.9 mag for the centre of the galaxy, and AV = 0.5 mag for the companion (plus 0.33 mag of local extinction). However, since the companion has both Balmer emission and absorption, the ratio of Hα to Hβ may not be a reliable measure of the extinction.
The The limited signal-to-noise ratio of our spectra preclude a more detailed comparison with model population spectra, and do not allow us to make direct comparisons with the models derived from the broad-band images. However, there are a few indicators of the underlying stellar population which we can look at.
The λ4000-Å break is a useful age-indicator for integrated stellar populations. Older populations produce a discontinuity at 4000Å due to the increase in stellar opacity produced by metal lines shortward of 4000Å in late-type stars. We measured the λ4000-Å break index by comparing the mean flux density in two windows above and below 4000Å, taking the ratio of the mean flux between 4050 and 4250Å with the mean flux between 3750 and 3950Å (Bruzual 1983) . For the nuclear spectrum, this index is 1.37. This small break index confirms the existence of recent star formation in the nucleus of the galaxy (e.g. Kauffmann et al. 2003) .
Since the galaxy contains a powerful radio source, some fraction of the excess blue light may arise from the AGN. We detect the G band in the nuclear spectrum, with an equivalent width of 4.1Å (Table 3) , which is consistent with the values seen in normal elliptical galaxies (e.g. Trager et al. 1998) ; this means that we are definitely detecting stars. The detection of Hδ absorption, with an equivalent width of 1.2Å means that at least some of the blue excess is being contributed by intermediate-age stars. We conclude that it is unlikely that the AGN contributes more than about 50% of the light.
CONCLUSIONS
We have shown that the host galaxy of MRC B1221−423 and its interacting companion can be resolved into different stellar populations. We have achieved this in two different ways, using colour-magnitude diagrams, and by using models for the spectral energy distribution of individual pixels. Both these methods separate the pixels into distinct regions Figure 8 . Combined spectrum of the nucleus (top spectrum) and the companion (bottom spectrum), with emission and absorption lines identified. The nuclear spectrum has been offset in the y-direction by 2 × 10 −16 erg s −1 cm −2Å −1 for clarity. The region between the dashed lines is the lower resolution spectrum from 2003 August, which has much lower signal to noise; the data on either side are the high-quality summed spectra taken in 2001 April from the blue and red arms of the spectrograph. Table 3 . Properties of detected emission lines and absorption lines in the spectra of the nucleus and companion galaxy (Fig. 8) . The columns show the line with its rest wavelength, its equivalent width, integrated flux, and FWHM for the nuclear and companion spectra respectively. Line properties were measured by fitting Gaussian profiles to the spectra; the values in the table are the properties of the fitted Gaussians. The quantities with no errors (shown in italics) are linked to the corresponding quantities of another line, e.g. the flux ratio of the [O ii] λλ3727, 3729 lines was fixed at 4.3, and their FWHMs constrained to be the same. Negative values denote emission lines. The [O iii] λλ 5007, 4959 lines (marked with * ) were present only in the low-resolution spectrum of 2003 August. Lines which were not detected are indicated by a 3-σ upper limit in the equivalent width column, calculated by EW lim = 3 √ 2 ∆λ/SNR, where ∆λ is the dispersion (Å/pix) and SNR is the signal-to-noise ratio of the spectrum at the location of the line; limits on doublets are shown as a single entry.
Nucleus Companion
Flux density Flux density Line
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1.5 ± 0.3 1.0 ± 0.2 620 ± 180 Na D2 5895 0 .8 0 .5 620 < 0.8 --
with different colours and/or ages. We interpret this as indicating that the galaxy and its companion have undergone several episodes of star formation, possibly associated with the tidal interaction between the two. The ages we deduce for the stellar population fall into three distinct groups. An old population, with age t ∼ 15 Gyr, occupies the outskirts of the host galaxy. An intermediate age population, with t ∼ 300 Myr, is found near the nucleus and around the tidal tail joining the two galaxies, while the youngest population, with ages less than 10 Myr, is concentrated in the nucleus and the blue regions to the west, as well as in the companion galaxy.
The location of these populations is not identical to the separation suggested by the regions in the colour-magnitude diagram (Figure 2 ). This may be due to the effects of dust, which our SED modelling suggests is concentrated in the nucleus of the host galaxy.
The relationship of the different stellar populations with the underlying powerful radio source is much less clear. The age of the source, estimated from the power of the radio jets and total stored energy in the synchrotron plasma of the lobes (Rawlings & Saunders 1991) , is only 10 5 yr (Safouris et al. 2003) . This is much younger than the youngest population we detected, with an age of about 10 Myr (Section 3.1.2), and suggests there must be a substantial time delay between the most recent burst of star formation and the triggering of the radio source.
A possible scenario to explain the three component populations is as follows: the tidal interaction began 300 Myr ago, which triggered star formation in both the host galaxy and the companion. We see the results of this episode of star formation as the intermediate-age population. Gas is driven down into the nucleus on timescales of ∼ 10 8 y, where it both cools to form stars, which we see as the 10 Myr-old population, and triggers activity in the central supermassive black hole. Delays of this order are predicted in theoretical calculations, (e.g. Lin et al. 1988) , which give time delays of a few×10
8 yr between the tidal interaction and the gas reaching the centre of the galaxy.
This would be classed as a "minor merger", involving interaction of the galaxy with a dwarf satellite. Such interactions have been shown to be effective in feeding material into the nuclear regions (Hernquist & Mihos 1995) . This scenario for B1221−423 would fit with the idea that low redshift radio galaxies are triggered by material falling into a pre-existing supermassive black hole, in contrast with very high redshift radio galaxies and quasars, which are often associated with major mergers and the simultaneous formation of a massive bulge and the central black hole.
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